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Evolution of Spectral Function in a Doped Mott Insulator: Surface vs Bulk Contributions
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(Received 13 June 1997)

We study the evolution of the spectral function with progressive hole doping in a Mott insulator,
La12xCaxVO3 with x  0.0 0.5. The spectral features indicate a bulk-to-surface metal-insulator
transition in this system. Doping dependent changes in the bulk electronic structure are shown to
be incompatible with existing theoretical predictions. An empirical description based on the single
parameterUyW is shown to describe consistently the spectral evolution. [S0031-9007(98)05723-8]

PACS numbers: 71.30.+h, 71.27.+a, 73.20.At, 79.60.Bm
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It is well understood that the insulating ground state
transition metal compounds with integral occupancies
3d levels (Mott insulators) arise from strong electron co
relation effects. Recent years have seen a phenome
resurgence of interest in studying the properties of su
systems doped with charge carriers representing fractio
3d occupancies, leading to the discovery of many exo
properties such as the high temperature superconduc
ity [1] and colossal magnetoresistance [2]. A considerab
amount of effort has been directed to modeling these s
tems theoretically, which is crucial for understanding su
properties. In recent times, there are very specific pred
tions about the evolution of the spectral functions in dop
Mott insulators based on the Hubbard model in the lim
of infinite dimension [3,4]. Considerably different ansat
such as slave boson [5], dynamical mean field theories [
and exact calculations [7] for finite systems, yield qualita
tively similar results. These predictions are most usef
since the spectral function can be directly measured exp
mentally by photoemission spectroscopy and, thus, prov
a very convenient testing ground for the suitability of th
model. In order to investigate the spectral evolution
a function of doping we have studied La12xCaxVO3 for
x  0.0 0.5. LaVO3 is a Mott insulator with thed2 elec-
tronic configuration. Ca substitution dopes holes into t
system continuously varying the electron count from 2
1.5 per V ion for the compositions studied. Transport an
magnetic measurements [8] have shown that the syst
is an antiferromagnetic insulator forx , 0.2, but is Pauli
paramagnetic metal forx $ 0.2. Moreover, there is no
significant structural modification suggesting nearly co
stant bandwidth (W ), with a little (#10%) change in Hub-
bard U across the compositions studied [9]. Hence, th
change in the electronic structure in this system is driv
primarily by the changes in the doping level and, thus, pr
vide a suitable case for investigating the spectral evoluti
in a doped Mott insulator. We observe the surface ele
tronic structure in this system to be considerably differe
from the bulk one and provide an algorithm to extract th
true bulk electronic structure from the total spectra usin
photon energy dependence of the spectral functions. T
extracted bulk spectra show that existing theories based
the Hubbard model are insufficient to describe the expe
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mentally observed spectral functions for various doping
We provide an empirical approach to describe the observ
evolution of the spectral function and discuss the implica
tions of our findings.

Polycrystalline samples of La12xCaxVO3 were pre-
pared as reported elsewhere [8], from congruently molte
states giving rise to large grains with strong intergrai
bonding and about 1% of impurity phases in the grai
boundaries. The x-ray photoemission (XP) and ultraviole
photoemission (UP) spectroscopic measurements we
carried out at liquid nitrogen temperature in a vacuum
of 4 3 10210 mbar with resolutions of 0.8 and 0.08 eV,
respectively. The cleanliness of the sample surface w
maintained by periodical scraping with an alumina file
in situ and was monitored by O1s and C 1s spectral
regions in XP and the characteristic region (9–12 e
binding energy) in UP measurements. Reproducibilit
of the spectra with repeated scrapings was confirme
for each composition. We believe that the spectra a
representative of angle integrated spectra, since they
obtained over a wide (610±) acceptance angle and were
always independent of sample rotation about the surfa
normal. The bulk spectra were extracted primarily from
the XP spectra, which, by their nature, average over
large part of the Brillouin zone. We implicitly assume
that the incident photon energy-dependent cross sectio
and the combined resolution do not seriously change t
spectra over our narrow (3 eV) binding energy window
we substantiated this assumption explicitly for LaVO3.
The derived spectra for the bulk, within our resolution an
over the relatively large energy range investigated her
are not affected by the disorder due to scraping. The bu
and surface compositions were found to be in agreeme
with nominal compositions from energy dispersive x-ra
analysis and the intensity ratio of the core level spectra
the components, respectively.

In Fig. 1 we show the HeI UP spectra for all the com-
pounds near the V3d emission region. Each spectrum
is dominated by a feature centered at about 1.5 eV belo
EF , with no intensity at the Fermi level (EF) for x  0.0
and 0.1. This feature is normally termed as an incohe
ent feature [10] being the spectral signature of the lowe
Hubbard band (LHB) and corresponds to electron stat
© 1998 The American Physical Society 2885
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FIG. 1. HeI spectra of La12xCaxVO3. Expanded (33) view
of the nearEF region is also shown. Inset shows the expand
tailing of O p states.

essentially localized due to electron correlations. T
spectral feature growing atEF (coherent peak) with in-
creasingx (x $ 0.2) represents the delocalized conductio
electrons. Thus, these observations show a metal-insula
(MI) transition atx  0.2 in agreement with the transpor
properties [8]. However, the complete dominance of th
incoherent feature suggests an overwhelming presence
correlation effects nearly localizing charge carriers ev
in the x  0.5 sample, in contrast to the observed phys
cal properties [8]. As we shall now show, at least a pa
of this discrepancy arises from a surface transition of t
electronic structure in these systems.

The surface sensitivity of these electronic spectra c
be varied by changing the exciting photon energy, sin
the escape depth (l) of the electrons depends sensitivel
on their kinetic energy [11]. We use this fact to delin
eate the surface and bulk electronic structures by reco
ing the spectra using HeI (21.2 eV), HeII (40.8 eV),
and monochromatized AlKa (1486.6 eV) sources; among
these the spectrum excited with HeII radiation is the most
surface sensitive, while the AlKa spectrum is expected
to be the most bulk sensitive. We show the spectra
each of the metallic compositions in Fig. 2, after subtrac
ing the Op contributions (solid line in the inset of Fig. 1)
appearing at binding energies higher than 3.5 eV follow
ing the procedures in Refs. [12,13]. For each samp
the spectrum recorded with HeII radiation exhibits the
single incoherent spectral signature with no intensity
EF , indicating the absence of any coherent state. Th
clearly demonstrates that the electronic structure in the s
face region of these samples remains localized. This m
probably arises from an enhanced correlation effect ne
the surface region due to the reduced dimensionality at
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FIG. 2. Normalized (equal area) HeI, He II , and XP valence
band spectra of La12xCaxVO3 for x  0.3, 0.4, and 0.5.

surface and/or subtle changes of surface geometry (surf
reconstruction) and, consequently, a reduced bandwid
even for thex  0.5 sample. This is not entirely surpris-
ing since the critical concentration even for the bulk M
transition in the closely related, but slightly distorted, se
ries Y12xCaxVO3 is indeedx  0.5 [14]. The finite spec-
tral weight in the coherent feature in the HeI spectrum
increases further in the AlKa excited signal for each of the
samples, consistent with an increasing bulk sensitivity
the technique. This substantiates further the view that t
bulk electronic structure represents a metallic state at the
compositions, though the surface layer has only localize
states. Hence, to probe the true bulk spectral function,
is, however, necessary to separate the surface contribut
from the total spectra in Fig. 2.

The total normalized spectral intensity F(e) from the
sample at normal emission is given by

Fsed  Fssed s1 2 e2dyld 1 Fbsede2dyl,

where, Fssed (given by the HeII spectra) andFbsed
are the normalized surface and bulk spectral function
respectively, andd is the thickness of the insulating
surface layer. Expressingedyl as a, we readily find
that Fbsed is given by faFsed 2 sa 2 1dFssedg. If a,
which is a function of the photon energy vial, would
be known, it would be straightforward to obtain the
bulk spectrumFbsed from the above equation. In the
absence of prior knowledge ofa, however, we note
that the spectral shape ofFbsed representing the bulk
electronic structure is independent of the photon energ
Thus, the extractedFbsed from the Al Ka spectra
must be consistent with that extracted from the HeI

spectrum. This consistency requirement can be cast in
a least-squared-error procedure to estimate the values



VOLUME 80, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 30 MARCH 1998

iv-
the

nd
a-
se
and

able
r
ur

on
b-
ces
om
site

nd
en-
ail-
ed

nt
res
to
ent
n-

.
d

,
ion
a-
d

ng
tt
nt

gy
a-

e-
ed

-

to
-

n

a corresponding to HeI and Al Ka photon energies.
Thus, the obtained values ofaHeI  2.95 and aXPS 
1.38 correspond todylXPS  0.32 and dylHeI  1.08,
leading to a reasonablelXPSylHeI ø 3.4. Moreover,
using the estimates ofl from the published literature
[11,15,16], the present result suggests that the thickn
d of the insulating surface layer is approximately 8 Å
which is roughly the dimension of the unit cell.

In inset (I) of Fig. 3 we demonstrate the subtractio
procedure for obtaining the bulk spectra [17]. Thus, ob
tained bulk electronic structures for the metallic compo
sitions are shown in Fig. 3 by open circles. The spectr
weights show a systematic increase atEF with increasing
Ca, consistent with increasing conductivity in the serie
However, the V3d emission is seen to be spread to abo
3 eV belowEF with the highest intensity in the vicinity of
1.5 eV. Our band structure calculations for both LaVO3
and CaVO3, however, suggest that the electronic densi
of states in the occupied part has a peak atEF with a total
spread of about 1 eV. Thus, it is clear that the bulk ele
tronic structures as characterized by the spectra in Fig
are strongly influenced by the electron correlation effec

FIG. 3. Bulk spectra (open circles) of La12xCaxVO3. The
solid lines show the synthesized spectra. The spectra of LaV3
(solid circles) and CaVO3 (dashed lines) are also shown. Inse
(I) shows the surface and bulk components of the spect
function for He I and XP spectra forx  0.5 (see [17]).
Inset (II) shows the results obtained from a multiband Hubba
model for various values ofUyW .
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leading to substantial incoherent spectral signatures g
ing rise to the peak near 1.5 eV and an extension of
emission down to 3 eV belowEF . The doping-dependent
spectral function has been calculated within the single ba
Hubbard model both by dynamical mean field approxim
tions [6] and exact diagonalization techniques [7]. The
results indeed suggest the presence of the incoherent
coherent features in the spectra. However, any reason
value of UyW with finite doping shows a much weake
contribution of the incoherent feature as compared to o
experimental results. This weakened effect of correlati
in the presence of large doping within a single band Hu
bard model is understandable, since such doping redu
the average number of electrons per site considerably fr
1.0. In the present case, there are 1.5 electrons per V
even for the highest doped case (La0.5Ca0.5VO3). In order
to understand the effects of correlation in such a multiba
case, we have calculated the spectral function for a deg
erate Hubbard model [18], since such results are not av
able in the literature. We show the resolution broaden
spectral functions for various values ofUyW in inset (II)
of Fig. 3 exhibiting a complete dominance of the cohere
feature and the presence of only weak incoherent featu
above 1.0 eV. Thus, the inability of the Hubbard model
account for the experimentally observed intense incoher
spectral features in these doped Mott insulators [6,7] ca
not be attributed to the multiband nature of the problem

In this context, it is important to realize that the en
members of La12xCaxVO3 have fundamentally different
electronic properties, one (LaVO3) being a Mott insulator,
while the other (CaVO3) is a correlated metal. Moreover
we note that the peak position near 1.5 eV and its extens
down to 3 eV is remarkably similar to the spectral sign
ture of LaVO3 (see Fig. 3). The spectral weight shifte
nearer toEF in the metallic samples compared to LaVO3

is clearly the signature of the coherent feature growi
in relative intensity with progressive doping of the Mo
insulator. It turns out that we can model this cohere
part of the spectral signature withab initio band struc-
ture calculations for CaVO3 corrected for correlation ef-
fects within the perturbative treatment of the self-ener
[19]. Considering linear combinations of the spectral fe
tures arising from LaVO3 and CaVO3, the general sum rule
for the conservation of an electron number completely d
termines the relative contributions. This can be express
as the total measured spectrumrsed  2s1 2 xdrLased 1

xrCased. Here,rLased is the normalized spectral func
tion of the LaVO3 part and is completely determined
from the experimental XP spectrum of LaVO3. x is also
fixed by the composition of the compound La12xCaxVO3
and ensures a total electron count per V ion equal
(2 2 x). rCased is calculated from the band structure re
sults corrected up to second order inUyW . Thus,rsed
depends on asingle parameterUyW with all other con-
tributions beinga priori fixed. Noting the possible limi-
tations of any parametric fitting procedures, we fix eve
the value of this parameter (UyW  0.5) by requiring
2887
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for correlation effects via self-energy calculation, yield
the correctm?ymb  2.1 [20]. Thus, the calculated to-
tal spectrumrsed is completely devoid of any adjustable
parameter. The change in the spectral features is de
mined solely by the value ofx. The resultingrsed are
shown in Fig. 3 by the solid lines for each of the com
positions, establishing a remarkable agreement betw
the experiment and the parameter-free simulation. T
result suggests that LaVO3 and CaVO3 somehow retain
their characteristic electronic structures even for the inte
mediate compositions indicating a dominance of local i
teractions in determining the electronic structures; this
however, a reasonable expectation for strongly correla
systems.

In conclusion, it is evident from our results that the su
face electronic structure of early transition metal oxide
can bequalitativelydifferent from the bulk one. This real-
ization is essential in order to critically discuss and eval
ate the experimental electronic structure in terms of t
existing many-body theories and various bulk sensiti
low-energy properties. We present an algorithm to extra
the bulk related spectra from the total spectra using ph
ton energy dependent measurements. It is shown that
known theoretical results based on the single band Hu
bard model [6,7], as well as the present multiband Hubba
model, are clearly insufficient to explain the experime
tally observed bulk spectral functions forany value of
UyW . It is then remarkable and significant that a simp
additive description of the spectral functions of the en
members, LaVO3 and CaVO3, though empirical and spec-
ulative, is qualitatively and quantitatively successful fo
all of the compositions without using any adjustable p
rameter and, therefore, deserves serious consideration
terms of rigorous microscopic theories for such system
A direct consequence of this observation would be that t
electronic structure of such a system is intrinsically inh
mogeneous and cannot be described within a homogene
model, such as the Hubbard model. This is in contra
to the usual practice in recent times to interpret the pro
erties of doped Mott insulators in terms of the Hubba
model. While the presented empirical approach appe
to be consistent with the spectral evolution as a functi
of doping of the Mott insulator, including both the coher
ent and the incoherent parts, it remains to be seen if, in
future, a proper theoretical model would provide a rigo
ous basis for understanding the physical properties of th
systems.
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